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SIR2 Is Required for Polycomb Silencing
and Is Associated with an E(Z) Histone
Methyltransferase Complex
[18–20], PPAR [21], NF-B [22], and the DNA repair
and anti-apoptosis factor Ku70 [23]. However, unlike
its yeast ortholog, SIRT1 has not been implicated in
epigenetic silencing [24, 25]. Mutations in the Drosophila
Sir2 gene have been shown to perturb position effect
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Cleveland, Ohio 44106 variegation [26, 27], although it is not yet known how
directly SIR2 is involved in this heterochromatin-medi-
ated silencing phenomenon.
Another well-characterized example of epigenetic in-Summary
heritance of silent chromatin states in Drosophila is
Polycomb silencing, best characterized in connectionBackground: SIR2 was originally identified in S. cerevis-
iae for its role in epigenetic silencing through the cre- with its role in maintaining the spatially restricted pat-
terns of homeotic gene expression during Drosophilaation of specialized chromatin domains. It is the most
evolutionarily conserved protein deacetylase, with ho- development [28, 29]. Polycomb silencing is mediated
by Polycomb group (PcG) proteins, a diverse set of moremologs in all kingdoms. SIR2 orthologs in multicellular
eukaryotes have been implicated in lifespan determina- than a dozen evolutionarily conserved chromatin-asso-
ciated proteins. Their role in Polycomb silencing is medi-tion and regulation of the activities of transcription fac-
tors and other proteins. Although SIR2 has not been ated by Polycomb response elements (PREs), special-
ized DNA regulatory elements that recruit PcG proteinswidely implicated in epigenetic silencing outside yeast,
Drosophila SIR2 mutations were recently shown to per- and can act over long distances to heritably silence
transcription from target promoters [28]. Several distinctturb position effect variegation, suggesting that the role
of SIR2 in epigenetic silencing may not be restricted to complexes of PcG proteins, including a 2 MDa PRC1
complex containing the PcG proteins PC, PSC, and PHyeast.
Results: Evidence is presented that Drosophila SIR2 is [30, 31] and a 600 kDa E(Z)/ESC complex [32, 33] con-
taining ESC, E(Z), SU(Z)12 and the histone binding pro-also involved in epigenetic silencing by the Polycomb
group proteins. Sir2 mutations enhance the phenotypes tein p55, have been identified. E(Z) is a histone methyl-
transferase, and the ESC/E(Z) complex exhibits histoneof Polycomb group mutants and disrupt silencing of a
mini-white reporter transgene mediated by a Polycomb methyltransferase activity that is required for Polycomb
silencing [34, 35]. A related larger 1 MDa ESC/E(Z)/PCLresponse element. Consistent with this, SIR2 is physi-
cally associated with components of an E(Z) histone complex and the PRC1 complex are also associated
with the class I histone deacetylase RPD3/HDAC1 [33,methyltransferase complex. SIR2 binds to many euchro-
matic sites on polytene chromosomes and colocalizes 36–38], suggesting that histone deacetylation is also
likely to be an important part of the mechanism of silenc-with E(Z) at most sites.
Conclusions: SIR2 is involved in the epigenetic inheri- ing by PcG proteins. Below, we show evidence that SIR2
plays a role in Polycomb silencing and is physicallytance of silent chromatin states mediated by the Dro-
sophila Polycomb group proteins and is physically asso- associated with a novel larval E(Z) complex that we
identified previously [39].ciated with a complex containing the E(Z) histone
methyltransferase.
ResultsIntroduction
The Drosophila genome, like the yeast genome, encodesSIR2 is the most evolutionarily conserved histone
five SIR2 homologs [1]. The one most similar to S. cere-deacetylase, with homologs in animals, plants, fungi,
visiae SIR2 (Drosophila SIR2) is 43% identical (63% simi-and bacteria [1, 2]. Unlike other histone deacetylases,
lar) within the 260 residue region that is most highlySIR2-related proteins require NAD as a cofactor [3,
conserved in all SIR2-related proteins. Drosophila SIR24]. In S. cerevisiae, in addition to its role in epigenetic
is also highly homologous to the SIR2 ortholog in mam-silencing at the mating-type locus, telomeres, and the
mals (SIRT1/SIRT) [1] and C. elegans (Sir2.1) [40]. Astandemly repeated rDNA locus, SIR2 was subsequently
expected, Drosophila SIR2 possesses an intrinsicshown to be involved in DNA replication [5] and repair
NAD-dependent histone deacetylase activity in vitro[6, 7], suppression of recombination [7, 8], and lifespan
[26, 41], and in this way it is similar to its S. cerevisiaedetermination [9–11]. The mammalian SIR2 ortholog,
and mammalian counterparts [3, 4, 42]. We confirmedSIRT1, has been shown to regulate the activities of the
this and showed that a fragment of Drosophila SIR2transcription factors p53 [12–14], CTIP2 [15], HES1,
containing just the central conserved domain (residuesHEY2 [16], Myo-D [17], forkhead/FOXO family members
209–570) is sufficient for deacetylase activity (Figure 1A).
Drosophila SIR2 also exhibits another activity conserved
*Correspondence: pjh3@po.cwru.edu
among SIR2-related proteins, an auto-ADP-ribosylation2Present address: Fred Hutchinson Cancer Research Center, 1100
activity that is stimulated by histones (Figure 1B) [43]. ItFairview Ave. N., A1-162, Seattle, Washington 98109.
3These authors contributed equally to this work. has been suggested that this activity is a deacetylation-
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Table 1. Sir2 Null Mutations Enhance Extra Sex Comb
Phenotype of Pc and Pcl Mutants
Percentage of T2 and T3 Legs
with Sex Combs
Percent Percent
Genotype T2 legs T3 legs N
Cross 1
Sir22A-7-11/;/TM3 0 0 228
CyO/;/Pc3 36 0 216
Sir22A-7-11/;/Pc3 98 61 228
Cross 2
Sir22A-7-11/CyO;/Pc3 98 65 120
Sir22A-7-11/Sir22A-7-11;/Pc3 99 78 140
Cross 3
Sir217/;/TM3 0 0 200
CyO/;/Pc3 33 0 202
Sir217/;/Pc3 94 63 216
Cross 4
Sir22A-7-11/CyO 0 0 176
Pcl11/Cy,Roi 17 0 190Figure 1. NAD-Dependent Deacetylation and Auto-Ribosylation
Sir22A-7-11/Pcl11 76 35 200Activities of Drosophila SIR2
Cross 5(A) An affinity-purified GST-SIR2 fusion protein containing the most
highly conserved region (residues 209–570) exhibits an intrinsic
Sir217/CyO 0 0 168
NAD-dependent histone deacetylase activity in vitro. The HDAC
Pcl11/Cy,Roi 20 0 184
assay was performed with 3H-acetylated H4 N-terminal peptide,
Sir217/Pcl11 71 38 194
and release of free 3H-acetyl group was measured by scintillation
counting. Note that this activity is dependent on NAD (lane 4). The genotypes of progeny from five different crosses are listed in
(B) Auto-ADP-ribosylation was demonstrated by incubation of full- the first column. In crosses 1 and 3, Sir22A-7-11/CyO or Sir217/CyO
length recombinant GST-SIR2 protein with 32P-NAD, in the pres- mutant females were crossed to Pc3/TM3 males, and all male prog-
ence or absence of histones. The reaction was run on SDS-PAGE eny were scored for the presence of extra sex combs on T2 and T3
and autoradiographed. The observed transfer of radioactive label legs. Reciprocal crosses were also performed and yielded similar
to SIR2 indicates an auto-ADP-ribosylation reaction that is stimu- results (data not shown). In cross 2, we examined the effect of a
lated by histones (lane 4) [43]. homozygous Sir2 mutation on Pc3 by crossing females homozygous
for Sir22A-7-11 with Sir22A-7-11/CyO;Pc3/TM3 males, and all male Pc3/
male progeny were scored. In crosses 4 and 5, Sir2/Cy,Roi females
were crossed to Pcl11/CyO males. Reciprocal crosses were alsocoupled side reaction that may not be relevant to SIR2
performed and yielded similar results (data not shown).
function in vivo [4, 44].
Sir2 Mutations Enhance the Phenotypes
homozygous for Sir22A-7-11, the enhancement of the extraof PcG Mutants
sex combs phenotype is stronger, as is evident fromIn yeast, SIR2 is required for transcriptional silencing at
the higher frequency of extra sex combs on T3 legsthe mating type locus, at the tandemly repeated rDNA
(Table 1). Data in Table 2 show that two partial-loss-of-locus, and at telomeres. Drosophila Sir2 mutations have
function P element insertion mutations in the Sir2 5UTRbeen reported to suppress the heterochromatin-medi-
Sir2EP2300 and Sir205327, also enhance the low-penetranceated silencing phenomenon known as position effect
phenotypes of E(z) mutants that carry a hetero-allelicvariegation [26, 27]. To test whether Drosophila SIR2
combination of two different E(z) alleles. Together, theseis also required for Polycomb silencing, we looked for
data indicate that SIR2 plays a role Polycomb silencing.genetic interactions between Sir2 mutations and PcG
mutations. Sir2 null mutants are homozygous viable and
have a shortened lifespan [27, 45], but they exhibit no Sir2 Mutations Disrupt PRE-Mediated Silencing
of a Mini-white Reporter Transgeneobvious homeotic transformations typical of PcG mu-
tants (T.F., T.R.B., and P.J.H., unpublished data). How- Polycomb silencing is mediated by PREs, which recruit
PcG proteins and can act as autonomous silencing mod-ever, the Sir22A-7-11 null allele that was produced by
targeted knockout (H. Xie and K. Golic, personal com- ules in vivo. The enhancement of PcG mutant pheno-
types by Sir2 mutations suggested that SIR2, like PcGmunication) and which precisely deletes the entire Sir2
coding sequence strongly enhances the frequency and proteins, might also exert its effect through PREs. To
test this, we determined whether Sir2 mutations perturbseverity of the weakly dominant “extra sex combs” phe-
notypes of the Polycomb mutation Pc3 as well as the the silencing of a PRE-mini-white reporter transgene
containing the well-characterized Ubx PRE [46] (seePolycomblike mutation Pcl11 (Table 1). Similar enhance-
ment is observed with Sir217 (Table 1), another null allele Experimental Procedures). Flies heterozygous for this
transgene have partially pigmented eyes (Figures 2Bthat removes most of the Sir2 coding sequence and
produces no protein [27]. When Pc3/ flies are also and 2D), whereas homozygotes have almost white eyes
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Table 2. Sir2 Mutations Enhance the Polycomb Phenotypes of E(z) Mutants
Genotype E(z)61/E(z)32 /Sir2EP2300;E(z)61/E(z)32 /Sir205327;E(z)61/E(z)32
Meana 10.7 15.6 14.6
S.D. 2.07 1.99 1.72
N 89 73 61
pb 0.0001 0.0001
a Average number of scored homeotic transformations (see Experimental Procedures).
b Likelihood that the distribution of the number of transformations of the indicated genotype is similar to the distribution of the number of
transformations of E(z)61/E(z)32 flies by chance.
(Figure 2F), reflecting almost complete silencing of the for silencing of reporter genes placed in the tandemly
mini-white reporter as a result of the marked “pairing repeated rDNA locus. A potentially similar phenomenon
dependence” of PRE-mediated silencing. As shown in occurs in multicellular eukaryotes, including mammals,
Figures 2A and 2C, even when heterozygous, the Sir217 C. elegans, and Drosophila, where a tandemly repeated
and Sir22A-7-11 null mutations, which were isolated on array of transgenes becomes transcriptionally silenced
independent genetic backgrounds, moderately though in a copy number-dependent manner [47]. Figure 3
consistently impair the silencing of the heterozygous shows that in Drosophila SIR2 is also required for repeat-
Ubx PRE-mini-white transgene. A stronger impairment induced gene silencing. It remains to be seen whether
of PRE-mediated silencing is observed in Sir22A-7-11 ho- the role of SIR2 in repeat-induced gene silencing bears
mozygotes (Figure 2E), even when the PRE-mini-white more than a superficial similarity to its role in reporter
reporter itself is homozygous and more completely si- silencing by the tandemly repeated rDNA genes in yeast
lenced in the absence of Sir2 mutations (Figure 2F). This and indeed reflects a general evolutionarily conserved
further indicates that SIR2 plays a role in Polycomb mechanism for silencing genes organized in tandem re-
silencing mediated by an isolated PRE, and it thus raises peats.
the possibility that SIR2 may act directly on the PRE.
SIR2 Associates with Chromosomes andSir2 Mutations Perturb Repeat-Induced
Colocalizes with E(Z) at Many Specific SitesGene Silencing
Gene structure predictions and cDNA analysis by theIn addition to its role in silencing at the mating-type
Berkeley Drosophila Genome Project predicted that thelocus and at telomeres, S. cerevisiae SIR2 is required
Drosophila Sir2 gene encodes a single protein. Consis-
tent with this, affinity-purified anti-SIR2 antibodies de-
tect a single band in extracts from Drosophila embryos
and larvae, with an apparent molecular weight of ap-
Figure 2. Sir2 Mutations Perturb PRE-Mediated Silencing of a Mini-
white Reporter
The Sir2 null mutations, Sir217 and Sir22A-7-11, were crossed to a trans-
genic line containing a Ubx PRE-mini-white reporter. (A) Sir22A-7-11/
(n  104) and (B) Sir2 (n  82) progeny from the cross Ubx-PRE-
mini-white males crossed to Sir22A-7-11/CyO females. (C) Sir217/ (n
100) and (D) Sir2 (n  90) progeny from Ubx-PRE-mini-white males
Figure 3. SIR2 Is required for Repeat-Induced Gene Silencingcrossed to Sir217/CyO females. Reciprocal crosses yielded similar
results. Both heterozygous null mutations consistently produce a Females carrying a tandem array of four mini-white transgenes (1A-
46) [47], which undergo repeat-induced gene silencing, weresimilar degree of derepression of the mini-white reporter. The degree
of pigmentation seen in the Ubx-PRE-mini-white/CyO (Sir2) sibs crossed to Sir205327/CyO males. Siblings that did not inherit the Sir2
mutation (n  40) (A) were compared to those that did (n  41) (B).is identical to that seen in outcrosses of the Ubx-PRE-mini-white
to wild-type strains (data not shown). (E) homozygous Sir22A-7-11, As a control, the phenotype of a single copy of the same mini-white
construct inserted at precisely the same site [47] (C) is unaffectedPRE-mini-white (n  109) and (F) homozygous PRE-mini-white
(Sir2) control (n  70). by the Sir205327 mutation (D).
Drosophila SIR2 and Polycomb Silencing
1815
rapidly dividing nuclei of early embryos, SIR2 is not
detected on chromosomes that are condensed and un-
dergoing mitosis but is found in the surrounding cyto-
plasm/nucleoplasm at this time (Figure 4B), suggesting
that any SIR2 functions that require its chromosomal
association occur during other stages of the cell cycle.
Immunostaining of larval salivary gland polytene chro-
mosomes (Figure 4C) further revealed that SIR2 localizes
to more than 100 specific euchromatic sites. We detect
SIR2 at the tips of at least some chromosome arms
(e.g., 2L), possibly reflecting an association of SIR2 with
telomeres, as is the case in yeast. We do not detect a
substantial amount of SIR2 associated with the pericen-
tric heterochromatin of polytene chromosomes in these
preparations, consistent with data obtained for SIR2 by
the chromatin profiling method of van Steensel et al.
[50]. Rosenberg and Parkhurst [26] reported that some
SIR2 can be detected in pericentric heterochromatin.
The differences between our results and those may be
due to the different antibodies used or perhaps different
fixation conditions used in polytene staining. Simultane-
ous immunostaining of polytene chromosomes with an-
tibodies against SIR2 and E(Z) (Figure 4D) revealed that
they colocalize at most but not all chromosomal sites.
At sites where they colocalize, their signal intensities
appear to co-vary: those sites with the strongest SIR2
signals typically correspond to sites of similarly strong
E(Z) signals and vice versa, as would be expected if
they were associated stoichiometrically in a complex.
SIR2 Is Associated with a Novel E(Z)
Complex in Larvae
To determine whether Drosophila SIR2 is physically as-
sociated with known PcG complexes, we used affinity-
purified anti-SIR2 antibodies to carry out immunoprecip-
itation (IP) from embryo and larval extracts and assayed
the immunoprecipitates by Western blotting for the
presence of other PcG proteins. The PcG protein E(Z)
was found to coimmunoprecipitate (co-IP) with SIR2
from larval extracts (Figures 5B and 5C) but not from
embryo extracts (Figure 5D), despite the presence ofFigure 4. Chromosomal Association of SIR2
both SIR2 and E(Z) in embryos. Consistent with this, the(A) Early embryonic interphase nuclei immunostained with SIR2 anti-
PcG protein ESC, which is physically associated withbodies (left) and counterstained with propidium iodide (PI) (middle)
so that chromosomes are visualized; merged view (right). E(Z) only in embryos [32, 33], also does not co-IP with
(B) Later-stage embryo with nuclei at various stages of the cell cycle. SIR2 from embryo extracts (data not shown). The PcG
SIR2 (left), PI-stained chromosomes (middle), and a merged view protein PSC is not detected in the anti-E(Z) immunopre-
(right). Note that SIR2 is not associated with condensed chromo-
cipitates that contain SIR2 (Figure 5B), consistent withsomes undergoing mitosis.
the presence of PSC in a distinct PcG complex, PRC1,(C) Polytene chromosomes immunostained for SIR2 (right, green)
which does not contain E(Z) [30].counterstained with PI (red). Control staining with secondary anti-
body alone and PI is also shown (left). We recently discovered that after embryogenesis,
(D) Colocalization of SIR2 and E(Z) is shown in the merged image when the ESC becomes virtually undetectable, the bulk
(right). The individual proteins are imaged in the first two panels. of E(Z) becomes associated with a novel approximately
3 MDa larval complex [39]. Consistent with the above
co-IP results, when larval extract is fractionated on aproximately 110 kDa, somewhat larger than predicted
from the primary amino acid sequence (92 kDa) (see Superose 6 size exclusion column, the bulk of SIR2
cofractionates precisely with this high-molecular-weightSupplementary Information, Figure 1). Immunostaining
of early Drosophila embryos with these antibodies (Fig- E(Z) species, with a peak fraction at approximately 3
MDa (Figure 5A). In contrast, when embryo extract isure 4A) revealed that SIR2 is predominantly localized to
nuclei at this time and is chromosomally associated, size fractionated, although the distributions of SIR2 and
the ESC/E(Z) complex partially overlap, the peak of SIR2consistent with a role in regulating chromatin structure
and transcription. The association of SIR2 with chromo- is at approximately 500 kDa, which is smaller than pro-
tein complexes containing ESC and E(Z) (Figure 5A).somes appears to be regulated by the cell cycle, as has
been observed for other PcG proteins [48, 39]. In the This is consistent with the failure of E(Z) and ESC to co-
Current Biology
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Figure 5. SIR2 Is Physically Associated with
E(Z) in Larval Extracts
(A) Embryo or larval extracts were fraction-
ated on a Superose 6 size exclusion column.
Western blots were performed on fractions
with antibodies against the proteins indicated
at the right. Fraction numbers and size stan-
dards are indicated on top. Although SIR2
and E(Z) distributions overlap partially, the
SIR2 peak (approximately 500 kDa, fraction
#18) is distinct from the approximately 600
kDa peak containing the embryonic ESC/E(Z)
complex (fraction #16). In larvae, after the
ESC protein disappears, both E(Z) and SIR2
cofractionate precisely in high-molecular-
weight fractions (#6–#8).
(B) Co-IP assay with larval extract and E(Z)
antibody used for IP. Left lane, larval extract;
middle lane, mock IP with protein G; right
lane, IP with E(Z) antibody. Western analysis
with anti-SIR2 or anti-PSC antibodies
showed that SIR2, but not PSC, specifically
co-IPs with E(Z).
(C) Co-IP assay with larval extract and SIR2
antibody used for IP. Left lane, larval extract;
middle lane, mock IP with protein G; right
lane, IP with SIR2 antibody. A Western blot
with E(Z) antibody shows that E(Z) specifically
coimmunoprecipitates with SIR2. Similar co-
IP results were obtained in the presence or
absence of ethidium bromide, indicating that
association of SIR2 and E(Z) are DNA inde-
pendent (see Figure S3).
(D) Co-IP assay as in (B), except that embry-
onic extract was used. SIR2 and E(Z) are not
associated with each other, consistent with
their distinct fractionation patterns in the em-
bryo (Figure 5A).
(E) Coimmunoprecipitation from larval extract
with E(Z), RPD3, and p55 antibodies. Western
blot with SIR2 antibody is shown.
(F) Summary of in vitro binding experiments
(see [G] and [H] for data) showing direct inter-
actions of SIR2 with E(Z) and RPD3. The most
evolutionarily conserved central core of SIR2
(red) and two shorter regions conserved in
other metazoan species (yellow and blue) are
highlighted. Stronger binding is indicated
by . N.D.  not determined because of
problems with protein expression.
(G) GST pull-downs of in vitro-translated E(Z),
RPD3, and p55 by GST-SIR2 fusion proteins.
Full-length E(Z), RPD3, and p55 were trans-
lated in vitro with 35S-Methionine. In vitro bind-
ing assays were performed with GST alone
(control) or a GST-SIR2 fusion protein purified
from E. coli. Input corresponds to 10% of
in vitro-translated protein used for each bind-
ing reaction. E(Z) and RPD3, but not p55, bind
to SIR2 in vitro.
(H) Similar experiment to that shown in (G)
but with GST-SIR2 fusion proteins containing
various fragments of SIR2 (indicated on top)
and in vitro-translated E(Z) and RPD3.
IP with SIR2 from embryo extracts (Figure 5D and data SIR2 Binds to E(Z) In Vitro
The co-IP of SIR2 with E(Z) complex components sug-not shown). The histone deacetylase RPD3 and the his-
tone binding protein p55, which we previously identified gests that SIR2 may bind directly to one or more of
these components. To test this, we carried out GSTin an embryonic ESC/E(Z) complex, also co-IP with SIR2
from larval extracts (Figure 5E), consistent with our previ- pull-down assays. Figure 5F summarizes the results of
in vitro binding experiments (shown in Figures 5G andous identification of them in the larval E(Z) complex [39].
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Discussion
The ability of Sir2 mutations to enhance PcG mutant
phenotypes and perturb PRE-mediated silencing indi-
cates that SIR2 plays a role in Polycomb silencing. How-
ever, like their yeast and C. elegans counterparts, Dro-
sophila Sir2 mutants are viable under standard laboratory
conditions, and they do not exhibit obvious PcG pheno-
types. Mutations in several other genes that play a role
in Polycomb silencing enhance the phenotypes of PcG
mutants but do not themselves exhibit Polycomb pheno-
types. These include E(Pc), Su(z)2 [51], and the histone
deacetylase Rpd3/HDAC1 [38, 52, 53]. Uncovering the
role of Sir2 in Polycomb silencing required sensitive
genetic assays. This could be due to functional redun-
dancy; four other Drosophila genes encode conserved
SIR2 paralogs, corresponding respectively to the mam-
malian SIRT2 (similar to yeast HST2), SIRT4, and the
Figure 6. Localization of PC and PCL to Chromosomes Is Unaltered closely related SIRT6 and SIRT7 [1]. Although these SIR2
in Sir2 Mutants paralogs are likely to have physiological roles distinct
Immunofluorescent staining of polytene chromosomes from the ho- from that of SIR2, in the absence of SIR2, one or more
mozygous Sir22A-7-11null mutant (A and C) and wild-type (B and D)
of them might at least partially compensate for the func-larvae with affinity-purified anti-PC (A and B) and anti-PCL (C and
tion of SIR2 in Polycomb silencing. In S. cerevisiae, theD) antibodies.
Sir2p paralog Hst1p, which normally functions as a
gene-specific repressor [54, 55], can rescue the silenc-
5H), used for characterization of direct interactions ing defects of Sir2 mutants when it is overexpressed [2]
among SIR2, E(Z), and RPD3. An affinity-purified recom- or targeted to the mating-type locus [56, 57]. Another
binant GST-SIR2 fusion protein binds to in vitro-trans- yeast Sir2p paralog, Hst2p, although not required for
lated E(Z) and RPD3 but not to p55. Reciprocal pull- silencing, improves rDNA silencing when it is overex-
down experiments with GST-E(Z) and GST-RPD3 pressed almost as efficiently as overexpressed Sir2p
showed that they bind to in vitro-translated SIR2 (data itself, even though Hst2p remains exclusively cyto-
not shown). Figure 5H shows that both E(Z) and RPD3 plasmic [58].
bind most strongly to the C-terminal half of the highly It is also possible that the another deacetylase, e.g.,
conserved core region of SIR2 (residues 362–570) as RPD3/HDAC1, which is also present in E(Z) complexes
well as the adjacent region (571–705), which contains a [33, 34, 59], may be able to at least partially substitute
short region conserved among multicellular eukaryotes for the SIR2 function in these complexes. Indeed, Dro-
(see Figure S1). Both E(Z) and RPD3 failed to bind to sophila RPD3 and SIR2 appear to have similarly broad
the C terminus (706–823) and bound only weakly to the substrate specificities, at least in vitro [60]. Alternatively,
N-terminal half of the conserved core of SIR2 (209–362). SIR2 may be more critically required for Polycomb si-
lencing under particular environmental or nutritional
Recruitment of PcG Proteins to Chromosomal conditions that differ from standard laboratory condi-
Target Sites Is Unaltered in Sir2 Null Mutants tions. Guarente [61] originally suggested that the NAD
What role might SIR2 play in Polycomb silencing? One dependence of SIR2 deacetylase activity (or its inhibition
possibility is that it affects the recruitment of PcG pro- by nicotinamide [62]) could serve to link SIR2 activity
teins to their chromosomal target sites. To test this, we to environmental or nutritional conditions. Indeed, the
examined the localization of the PcG proteins PC and yeast Sir2p paralog Hst1p has been shown to regulate
PCL to salivary gland polytene chromosomes from lar- genes involved in de novo NAD biosynthesis by func-
vae homozygous for the Sir22A-7-11 null mutant. PC is a tioning as a direct sensor of cellular NAD levels [55].
component of the PRC1 complex, and PCL is associated Various stresses and nutritional conditions appear to
with a 1 MDa ESC-E(Z) complex. As shown in Figure 6, regulate the expression or activity of mammalian SIRT1
the distribution and intensity of PC and PCL signals on [20, 22, 23] as well as the association of SIRT1 with its
wild-type chromosomes is indistinguishable from that protein substrates [21]. By analogy, the requirement for
on Sir2 mutant chromosomes. Similar results were ob- SIR2 or its activity in Polycomb silencing may be modu-
tained with chromosomes from the Sir217 null allele (data lated by environmental or nutritional conditions, perhaps
not shown). We also observed no apparent differences so that the fidelity of Polycomb silencing and its epige-
between the PcG proteins E(Z) and PHO (data not netic inheritance is maintained under unfavorable or
shown). Although it remains possible that Sir2 mutations stressful culture conditions during larval life.
perturb recruitment of a particular PcG protein that we The physical association of Drosophila SIR2 with E(Z),
have not examined, these results suggest that SIR2 is RPD3, and p55 is the first evidence that SIR2 is associ-
not required for general recruitment of PcG complexes ated with proteins known to be involved in epigenetic
to chromosomes or their targeting to specific sites, and silencing in multicellular eukaryotes. The association of
it is thus likely to be involved in some other aspect of SIR2 with E(Z) was only detected in post-embryonic
extracts, despite the presence of SIR2 and E(Z) in em-PcG complex function.
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bryos. This suggests that E(Z) complex(es) differ in their it could target histones, the identification of multiple
transcription factors and other proteins as substratescomposition and possibly their physiological functions
at different developmental stages, as we previously sug- of mammalian SIRT1 suggests that the SIR2 associated
with E(Z) may also have other non-histone substratesgested [39]. It also suggests that the role of Drosophila
SIR2 in Polycomb silencing may be restricted to post- that regulate transcriptional silencing, perhaps including
proteins in the E(Z) complex itself.embryonic stages. The transition from embryonic to lar-
val period upon hatching from the egg marks the onset
Experimental Proceduresof active feeding and concomitant exposure to fluctua-
tions in nutrient sources and other environmental vari-
Histone Deacetylase and Auto-Ribosylation Assay
ables from which embryonic development may be rela- A recombinant GST-SIR2 fusion protein containing only the region
tively more insulated. The differential association of SIR2 of Drosophila SIR2 that is most highly conserved in all SIR2-like
with E(Z) complexes during the larval stages may serve proteins (residues 209–570) was expressed in E. coli strain BL21
and affinity purified on glutathione-agarose beads (Pharmacia) ac-to increase the fidelity of PcG silencing under stressful
cording to the manufacturer’s instructions. A synthetic histone H4conditions, a function that might not be expected to be
tail peptide (Upstate Biotech) was chemically acetylated with 3H-uncovered without sensitive genetic assays or knowl-
acetic acid. The deacetylation assay was performed according to
edge of the conditions that would render SIR2 more the manufacturer’s instructions (Upstate Biotech), except that NAD
critical for maintenance of PcG silencing. (Sigma) was added to 1 mM where indicated. The ribosylation assay
The high degree of protein sequence conservation was done as previously described [43].
among SIR2 orthologs from divergent species suggests
Fractionation of Embryo and Larval Extractsthat their biological functions, including their roles in
Whole embryo and larval extracts were prepared as previously de-epigenetic silencing, are also likely to be generally con-
scribed [33] and fractionated on a Superose 6 HR 10/30 gel filtrationserved. The conserved NAD-dependent histone de-
column via an AKTA purifier system as previously described [33]
acetylase activity and chromosomal localization of the with extraction buffer containing 300 mM NaCl and elution buffer
Drosophila SIR2 protein is further consistent with this. containing 200 mM NaCl. Fractions (0.5 ml/tube) were collected
after elution of first 5 ml and were stored at 80	C for future use.However, although other components of E(Z) com-
Proteins in fractions were analyzed by Western blots with the Su-plexes, including RPD3 and the histone binding protein
persignal West Dura detection system (Pierce).p55, have been highly conserved among all eukaryotes
during evolution, an unequivocal E(Z) ortholog is not
Antibodies, Immunoprecipitation and In Vitro Binding Assays
identifiable in S. cerevisiae or S. pombe, despite the Anti-E(Z) rabbit polyclonal antibodies and anti-PSC mouse mono-
presence of E(Z) orthologs in plants and animals and clonal antibodies have been described previously [33, 65]. For pro-
the presence of SET domain-containing histone methyl- duction of mouse anti-SIR2 polyclonal antibodies, animals were
immunized with affinity-purified recombinant 6
 His-tagged SIR2transferases in yeast. Conversely, Drosophila and mam-
protein (residues 209–570), which was expressed in E. coli BL21mals contain no identifiable homologs of S. cerevisiae
cells and purified under denaturing conditions on Ni-NTA-agaroseSIR3 and SIR4, two key proteins that collaborate with
(Qiagen) according to the procedure recommended by the manufac-
SIR2 in the creation of silent chromatin domains at the turer. Immunoprecipitation was carried out as previously described
mating-type loci and telomeres. This suggests that the [33]. Anti-E(Z) and anti-SIR2 antibodies were used at 1:100 dilution.
mechanisms underlying SIR2-dependent silencing in Protein-G beads (Pharmacia) were used for all reactions. To deter-
mine whether associations between SIR2 and E(Z) were DNA-inde-yeast and multicellular eukaryotes, although broadly
pendent, we carried out coimmunoprecipitation assays in the pres-similar, are likely to differ in additional mechanistic de-
ence and absence of 80 g/ml ethidium bromide (EtBr), whichtails. On the other hand, the conservation of PcG pro-
yielded indistinguishable results (see Figure S3 in the Supplemental
teins between Drosophila and mammals suggests that Data). GST pull-down assays were done as previously described
the association of SIR2 with E(Z) complex(es) is also [33]. Various fragments of SIR2 were cloned into either pGEX-3X or
likely to be conserved in mammals. pGEX-2T (Pharmacia) to produce in-frame GST fusions. Detailed
constructions of these plasmids are available upon request.At present it is not evident why both NAD-dependent
(SIR2) and NAD-independent (RPD3) HDACs are asso-
Immunofluorescent Stainingciated with E(Z) in larval extracts, but this arrangement
Embryos were fixed by standard methods. SIR2 was detected in
is not unique. The S. cerevisiae SET domain protein embryos and on polytene chromosomes with mouse anti-SIR2 anti-
SET3 is also found in a complex that contains two body and FITC-conjugated secondary antibodies (Vector). Chromo-
HDACs, including Hos2p, an RPD3-related class I somal DNA was visualized by counterstaining with propidium iodide
(PI). Embryos were treated with RNase prior to immunostaining soHDAC, and Hst1p, which is closely related to yeast and
that any PI signal due to RNA binding would be eliminated.Drosophila SIR2 [63]. Drosophila Hairy also interacts
with both Rpd3 and Sir2 [26]. Perhaps in such situations
Genetic Crosses and Mutationseach HDAC functions in different contexts or deacety-
Several Sir2 mutations, isolated independently on different genetic
lates different substrates. Drosophila RPD3 is found in backgrounds, were tested for genetic interaction with Pc, Pcl, and
a complex with the SET domain protein SU(VAR)3-9 and E(z) mutations. Sir217 is null mutation, resulting from imprecise exci-
appears to be required for SU(VAR)3-9 histone methyl- sion of the P(lacW)7223 P element insertion in the 5 UTR of Sir2;
it deletes most of the Sir2 coding sequence and produces no proteintransferase function in vivo [64]. It remains to be deter-
[27]. Sir22A-7-11 is null mutation created by targeted knockout. It de-mined whether SIR2 is required for or modulates the
letes the entire Sir2 coding sequence precisely (H. Xie and Golic,histone methyltransferase function of E(Z) in vivo. The
personal communication), which we verified by DNA sequencing.developmentally regulated association of SIR2 with E(Z)
Sir2EP2300 is an insertion of the EP transposon into the 5 UTR of the
raises the interesting possibility that SIR2 may alter the Sir2 transcription unit, 427 bp 5 of the start codon. It reduces SIR2
activity or substrate specificity of E(Z). Although the protein levels by at least 5-fold (see Figure S2). Sir205327 is an insertion
of the PZ P element (marked with ry and lacZ) 460 bp 5 of thechromosomal association of Drosophila SIR2 suggests
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Note Added in Proof
In the Immediate Early Publication version of this paper initially
posted on the Current Biology website, there was unfortunately an
error in Table 1. The table has been corrected in the current version,
but previously, under Cross 4, the genotypes in the first two lines
were incorrectly listed as Sir2 2A-7-11/Cy,Roi and Pcl11/CyO. Under
Cross 5, the genotypes listed in the first two rows were Sir17/Cy,Roi
and Pcl11/CyO. Additionally, the name of the second author was
misspelled. It should have been Rakhee Banerjee.
